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Abstract. The processes of gastrulation in the sand dollar

Scaphechinus mirabilis are quite different from those in

regular echinoids. In this study, we explored the cellular

basis of gastrulation in this species with several methods.

Cell-tracing experiments revealed that the prospective

endodermal cells were convoluted throughout the invagina-

tion processes. Histological observation showed that the

ectodermal layer remained thickened, and the vegetal cells

retained an elongated shape until the last step of invagina-

tion. Further, most of the vegetal ectodermal cells were

skewed or distorted. Wedge-shaped cells were common in

the vegetal ectoderm, especially at the subequatorial region.

In these embryos, unlike the embryos of regular echinoids,

secondary mesenchyme cells did not seem to exert the force

to pull up the archenteron toward the inner surface of the

apical plate. In fact, the archenteron cells were not stretched

along the axis of elongation and were in close contact with

each other. Here we found that gastrulation was completely

blocked when the embryos were attached to a glass dish

coated with poly-L-lysine, in which the movement of the

ectodermal layer was inhibited. These results suggest that a

force generated by the thickened ectoderm, rather than

rearrangement of the archenteron cells, may play a key role

in the archenteron elongation in 5. mirabilis embryos.

Introduction

The processes of gastrulation in sea urchin embryos have

been divided into two phases, known as primary and sec-

ondary invagination (Dan and Okazaki, 1956; Gustafson

and Kinnander, 1 956 1. During primary invagination, the

thickened vegetal plate buckles into the blastocoel and gives
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rise to a short stub-like gut rudiment. After a couple of

hours, the gut rudiment begins to elongate, and its tip

reaches the inner wall of the apical plate. After secondary

invagination, the gut rudiment results in a slender tube-like

archenteron.

Primary invagination is autonomous, because the excised

vegetal plate can still undergo morphological changes sim-

ilar to those in the intact embryo (Moore and Burt, 1939;

Ettensohn. 1984). One of the driving forces for primary

invagination seems to be generated by bottle cells (Naka-

jima and Burke, 1996; Kimberly and Hardin, 1998).

Wedge-shaped cells, which are frequently observed in the

vegetal ectodermal layer, may produce another motive force

for primary invagination (Burke et ai. 1991). During sec-

ondary invagination, a population of secondary mesen-

chyme cells (SMCs) connect the archenteron tip to the inner

surface of the apical plate and exert the force to pull up the

archenteron (Dan and Oka/.aki. 1956; Hardin, 1988). Re-

arrangement of the archenteron cells is an important cellular

basis for elongation of the gut rudiment (Ettensohn, 1985;

Hardin and Cheng, 1986; Hardin. 1989).

However, these mechanisms apply mainly to the regular

echinoids and cannot fully explain the processes of gastru-

lation in a variety of sea urchins (Ettensohn, 1999). The

embryos of a primitive sea urchin, Encidaris tribuloides,

show a different manner of gastrulation (Schroeder, 1981;

Hardin, 1989); SMCs are not formed, but the embryos

gastrulate. Even in the so-called "Regularia," some species

of embryos do not show a typical manner of gastrulation

(Amemiya et al.. 1982a, b). In a previous study, we indi-

cated that the processes of gastrulation in the sand dollar

Scapliechinns mirabilis (Clypeasteroida) were different

from those reported in regular echinoids (Kominami and

Masui. 1996). The processes of gastrulation could not be

divided into two phases, because invagination proceeded at
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a constant rate from beginning to end. Unlike the SMCsof

regular echinoids, those of 5. inircibilis did not form long

filopodia. Moreover, the number of archenteron cells ob-

served in cross sections remained unchanged, suggesting

the absence of cell rearrangement in the archenteron.

One of the ways to a full understanding of the mecha-

nisms of gastrulation in a species is to study the processes of

gastrulation in a variety of related species. A less important

factor in one species may be crucial in another species. The

purpose of this study is to elucidate the cellular basis of

gastrulation in S. minibilis embryos. Changes in the mor-

phology of gastrulating embryos were quantified. To clarify

the movements of vegetal cells during gastrulation. cell-

tracing experiment was undertaken. The shapes of constit-

uent cells were observed on scanning electron micrographs

and in immunostained specimens. To examine whether the

ectodermal layer plays a role in archenteron elongation, the

movement of the layer was inhibited by attaching the em-

bryos to a glass dish coated with poly-L-lysine. Some of the

results are compared with those obtained in the sea urchin

Hemicentrotus pulcherrimus (Echinida), which shows a

typical pattern of sea urchin gastrulation.

Materials and Methods

Animals

Adults of the sand dollar Scaphechinus mirabilis and the

sea urchin Hemicentrotus pulcherrimus were collected and

kept in aquaria supplied with circulating cold seawater

(18C for S. mirabilis and 15C for H. pulcherrimus).

Gametes of both species were handled as previously de-

scribed (Kominami and Masui. 1996). Millipore-filtered

seawater (MFSW) supplemented with 100 units/ml penicil-

lin and 50 /xg/ml streptomycin (Meiji Seika. Tokyo) was

used throughout the experiments. Embryos of both species

were cultured at 18 1C.

Histological observation

Gastrulating embryos were fixed with 1% glutaraldehyde

dissolved in MFSWat room temperature for 2 h. After two

rinses with MFSW,an aliquot of fixed embryos was dehy-

drated with an acetone series and mixed with Spurr resin. A

drop of the mixture was mounted on a glass slide, sealed

with coverslips, and polymerized. These specimens were for

measurements of the thickness of the blastocoel wall, which

cannot be obtained accurately in living embryos, because of

optical reflections through the ectodermal layer.

Another aliquot of specimens was post-fixed with 1%
OsO4 dissolved in MFSWfor 1 hr. The embryos were

dehydrated with an ethanol series and critical-point dried

(Hitachi, HCP-I, Tokyo). The specimens were adhered to

the stub with a piece of double-sided transparent tape, and

were fractured with a fine tungsten needle under a dissecting

microscope. These specimens were coated with gold and

platinum (Eiko, IB-3, Tokyo), and observed under a scan-

ning electron microscope (Hitachi. S-450DX).

Cell contours were traced on scanning electron micro-

graphs using transparent sheets. Shapes of cells were clas-

sified into four types according to the criteria described in

Burke et al. (1991): columnar, cells longer than wide and

rectangular in outline; wedge-shaped, apical surface broader

than basal surface; skewed, the apex of the cell deviates

from the apical basal axis; and others. The frequency of the

appearance of these types of cells was obtained by exam-

ining between 4 and 19 SEM images at each observation

point. Degree of archenteron invagination was obtained

according to the method described in the previous report

(Kominami and Masui, 1996). More than 20 embryos were

measured at each observation point.

Cell tracing

The vegetal blastomeres of the 8-cell-stage embryos of S.

minibilis were somewhat smaller than those in the animal

hemisphere. This morphological characteristic was used to

orient the 8-cell-stage embryos so that Lucifer yellow CH
(Sigma, St. Louis, MO) could be injected into one of the

vegetal blastomeres. An experimental setup for ionto-

phoretic injection of the dye was previously described

(Kominami, 1988). The dye-injected embryos were ob-

served under an epifluorescence microscope (Olympus, BH-

RFL, Tokyo), and photographed.

Immunofluorescence

Gastrulating embryos were fixed successively with cold

methanol and ethanol ( 20C), 20 min in each. Fixed

embryos were embedded in polyester wax (BDH Labora-

tory Supplies, Poole, England) and sectioned (6 /u,m). After

removal of the wax with absolute ethanol, specimens were

rinsed twice with phosphate-buffered saline (PBS), and

were reacted with a monoclonal antibody (VE10) that rec-

ognizes the carbohydrates at the cell surface. After the

primary reaction, the specimens were rinsed twice with

PBS, and then reacted with FITC-conjugated goat anti-

mouse IgG (Sigma) for 1 h. The immunostained sections

were mounted on a glass slide with a small amount of

glycerol.

Attaching the embryos to the glass dish

The cleaned glass dish was soaked overnight in I mg/ml

poly-L-lysine (Sigma) dissolved in distilled water. After the

solution was removed, the glass dish was rinsed three times

with distilled water and air-dried. A micropipette was used

to attach the gastrulating embryos to the bottom of the glass

dish; in some cases, the embryos were pressed against the

bottom of the dish with a fine glass needle, to ensure
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Figure 1. Processes of gastiulation in Hcmii'cntn >ni.i pulchenimus and Scuphirhiiiiu mimhilis. Embryos of both

species were cultured at 18C and observed hourly. Embryos were embedded in Spurr resin. (A-F) H. pulcherrimus,

17-22 h. (G-L) S. mimhilis, 14-19 h. In H. pulcherrimus embryos, the primary and secondary invagination is clearly

distinguished by the presence of a pause in the archenteron elongation (C-D. 1-2 hours). After the occurrence of

the secondary invagination. the archenteron became slender. In S. mimbilis embryos, the archenteron invaginated contin-

uously, and the diameter of the archenteron remained unchanged during gastrulation. The scale bar indicates 50 /xm.

attachment. The processes of gastrulation were photo-

graphed at intervals of 10 min.

Results

Morphological changes during gastrulation

Figure 1 shows the processes of gastrulation in embryos
of H. pulcherrimus (A-F) and S. mirabilis (G-L) kept at

18C. In a regular echinoid, H. pulcherrimus, primary (Fig.

1 A-C) and secondary invagination (Fig. 1 D-F) were clearly

distinguished by the presence of a time lag in archenteron

elongation (1-2 h. Fig. 1C-D). On the other hand, the

archenteron of S. mirabilis embryos elongated at a constant

rate during the course of invagination (Fig. 1G-L).

Besides archenteron elongation, several differences were

noticed in the morphology of the embryos of these two

species. In H. pulcherrimus, the height of the embryo in-

creased to some extent during primary invagination. After

the onset of secondary invagination, the embryos were

shortened along the animal-vegetal axis (Fig. 2A). The

width of the embryos increased as gastrulation progressed

(Fig. 2B). This was caused by the expansion of the ecto-

dermal layer, especially at the lateral blastocoel wall (Fig.

2C). In contrast, S. mirabilis embryos became shorter as

invagination progressed (Fig. 2D). Though their width in-

creased to some extent (Fig. 2E), the expansion of the

ectodermal layer was not so conspicuous as in H. pulcher-

rimus (Fig. 2F).

Tracing of the vegetal blastomeres

The dye-injected S. miruhilis embryos were examined to

learn how vegetal cells move toward the blastopore during

gastrulation (Fig. 3). Before the initiation of invagination,

the boundary between labeled and nonlabeled cells was at

about 50% of the distance from the vegetal pole to the

animal pole (Fig. 3A, A'). The boundary gradually shifted

toward the vegetal pole side as invagination progressed

(Fig. 3B, B', C. C', D, D'). At the end of invagination, the
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Figure 2. Change in the height and width of the embryos, and in the

thickness of the blastocoel wall (the lateral part of the embryo) during

gastrulation. (A-C) Hemicentrotits pulcherrimus. (D-F) Scaphechinus

mimhilis. Single arrows indicate the time of the initiation of gastrulation.

Double arrows indicate the time of the onset of the secondary invagination

in //. pulcherrimus embryos. Changes in the height of the embryo (A, D)

show different patterns. In both species, the width of the embryo increased

as invagination progressed (B, E). This is more evident in H. pulcherrimus

than in S. mimhilis. The thickness of the blastocoel wall decreases during

gastrulation. but the change is not conspicuous in S. mirabilis (C. F).
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Figure 3. Movement of vegetal cells during gastrulation in Scaplifcliinnx mirabilis embryos: bright-field

images (A-EK fluorescence images (A'-E
1

). (A. A') 14 h. (B. B'l 16 h. (C. C') 17 h. (D. D'l 18 h. (E. E'l 20 h.

Distribution of labeled cells in invaginating gastrulae, which had been injected with Lucifer yellow CH into one

of vegetal blastomeres at the 8-cell stage, was examined. As gastrulation proceeds, the boundary between labeled

and nonlabeled cells moves downward. Arrowheads in A-E demarcate the boundary observed on fluorescent

imaaes. The scale bar indicates 50 jxm.

boundary was located at 10%- 15% of the embryo length

from the vegetal pole (Fig. 3E. E'). This value corresponds

to the thickness of the anal plate ectoderm. The relationship

between the degree of invagination and the position of the

boundary is shown in Figure 4. During the early stages of

invagination. the position of the boundary shifted rapidly to

the vegetal pole; during the later stages, the rate of the

movement decreased gradually. The result clearly indicates

that the involution of cells through the blastopore continues

until the archenteron tip reaches the apical plate.
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Figure 4. Change in the position of the boundary between animal and

vegetal ectoderm during gastrulation. The degree of invagination (%) and

the position of the boundary along the embryo axis (%) were sought using

the parameters shown in the inset. The most fitting hyperbolic curve is also

shown. The movement of the vegetal cells toward the vegetal pole con-

tinues throughout the invagination processes, though the rate of the move-

ment changes.

Shapes of the ectodermal cells during early stages of

gastrulation

The shapes of the ectodermal cells during early stages of

gastrulation were examined with SEM (Fig. 5). The cells

were classified as columnar, skewed, wedge-shaped, and

other, as described in the Materials and Methods. Among
these types, wedge-shaped cells showed differences in their

distribution between the two species of embryos. In H.

pitlcherriiiins. two to three wedge-shaped cells were ob-

served just at the bending point of the ectodermal epithe-

lium (Fig. 5A-D, arrowheads). In S. mirabilis, such wedge-

shaped cells were distributed more broadly apart from the

blastopore (Fig. 5E-H. arrowheads). In addition, the num-

ber of wedge-shaped cells was larger than in H. pulchcrri-

mus. At the beginning of invagination, bottle-shaped (api-

cally constricted and basally rounded-up) cells were

frequently observed in the bending vegetal plate (arrows

indicate bottle cells in Fig. 5D \H. /nilclicrriiinix] and 5G [S.

mirabilis]').

Figure 6 shows the change in the ratio of these three types

of cells during early stages of gastrulation. In both species,

it takes 3 1 h to give rise to a short, stub-like gut rudiment

after the first sign of invagination. These stages were di-

vided hourly and designated Stages I-IV. In the animal

halves, columnar and skewed cells were abundant (Fig. 6A,

H. piilclieiriiiin.'i; 6C, S. mirabilis). In both species, the ratio

of columnar cells increased as gastrulation progressed. In

contrast, most cells in the vegetal half were skewed or

distorted (Fig. 6B. H. piilcherrimus; 6D, 5. inimbilis). In H.

pitlchernmns. wedge-shaped cells occupied nearly 40% of

the total at the initial stage of invagination. but decreased to
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Figure 5. Scanning electron micrographs of the cells in the ectoderm and invaginated archenteron during

early stages of gastrulation: Hemicentrotus pulclierrimus (A-D): Scaphechinus mirabilis (E-H). In A-D,

arrowheads indicate the bending point: in E-H they indicate the boundary between animal and vegetal cells.

Arrows in D and G indicate bottle cells. Ectodermal cells of 5. mirabilis (F-H) were more elongated in the

apico-basal direction than those of H. piilcherrimus (B-D). Columnar and skewed cells were frequently observed

in both species. Wedge-shaped cells were also observed in both species, especially in the vegetal half. In H.

pulcherrimus. two to three wedge-shaped cells were observed just at the bending point of the epithelium (B. C).

Such wedge-shaped cells are distributed more broadly apart from the blastopore in S. mirabilis (F, G). The scale

bar indicates 10 jum.

about 209r as invagination progressed; in S. mirabilis, the

ratio remained constant at a rather higher level. Columnar

cells were barely observed in S. mirabilis (Fig. 6D), whereas

this type of cell increased in H. pulclierrimus at the end of

primary invagination (Fig. 6B).

Secondary mesenchyme cells at the archenteron tip

Figure 7 shows the secondary mesenchyme cells ob-

served at the archenteron tip of the midgastrulae. In H.

pulcherrimus, these cells were globular and formed long

thin filopodia. Several SMCs were located between the

archenteron tip and the future oral opening region. In 5.

mirabilis, SMCswere flattened to some extent and formed

broad ruffled membranes. No cells were observed between

the archenteron tip and the future oral opening region.

Although more than 200 gastrulating S. mirabilis embryos
were examined, an image that showed direct contact be-

tween the filopodia of the SMCsand the inner surface of the

apical plate could not be obtained.

Shape of archenteron cells during later stages of

invagination

Figure 8 shows cross fractures of the archenteron at later

gastrula stages. SEMimages of the archenteron at three levels

along its axis (top, middle and bottom) are shown. The cells in

the archenteron of H. pulcherrimus were cuboid and loosely in

contact with each other (Fig. 8A-C). The numbers of cells

observed in cross fractures increased from top (6-7) to bottom

(about 12) of the archenteron. The archenteron cells had a

rounded basal surface. In contrast, cells in the archenteron of S.

mirabilis embryos were elongated along the apico-basal direc-

tion (Fig. 8D-F). The numbers of cells observed in cross

fractures were almost the same at the top ( 14 -
1 5 ), middle (13),

and bottom (13) levels of the archenteron.

As gastrulation proceeded, it became difficult to crack the

archenteron along its long axis. The shapes of cells in the

embryos at later stages of invagination were examined on

histological sections. The stages shown in Figure 9 corre-

spond to the secondary invagination in H. pulcherrimus

embryos. As clearly shown, the cells in the archenteron of
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Figure 6. Frequency of the appearance of columnar, skewed, and

wedge-shaped cells during gastrulation: Hemicentrotus pit/cherriinus (A.

B); Scai'hi'cliinin mirabilis (C, D). (A. C) Animal hemisphere. IB. D)

Vegetal hemisphere. Columnar cells (solid lines) are more abundant in the

animal hemisphere. Skewed cells (dotted lines) were observed more fre-

quently in S. mirabilis. In both species, the population of columnar cells

increased as the gastrulation proceeded (A. C). Wedge-shaped cells (tiro-

ken lines) appear sparsely in the animal hemisphere. In contrast, the most

abundant type of cells are wedge-shaped cells in the vegetal halves (B. D).

Columnar cells were rarely observed in S. mirtihilis. but such cells in-

creased in H. pulclierriinii* after the secondary imagination had started.

H. /ntlclwrrinnis embryos were stretched along the axis of

the archenteron (Fig. 9A-D). After the completion of the

secondary invagination. the cells resumed a cuboid shape

(Fig. 9E-F). In contrast, the cells in the archenteron of 5.

mirabilis embryos were not stretched at any stage of later

invagination (Fig. 9G-L). It should be noted that the cells

near the blastopore were elongated along their apico-basal

direction through all the stages examined.

These changes in cell shape were quantified according to the

methods described by Hardin (1988); two ratios, YIX (ratio of

lengths along and perpendicular to the axis of the archenteron)

and L/W (ratio of cell length and width) were obtained (Fig.

10). Both YIX and L/W increased during the secondary invag-

ination in H. pulcherrimus embryos, and decreased to the

initial level at the end of secondary invagination (Fig. 10A).

On the other hand, the ratios did not change in S. mirabilis

embryos through these stages of invagination (Fig. 10B). The

result clearly shows that the archenteron cells in S. mirabilis

embryos were not stretched along the axis of the archenteron.

Attaching embryos to a glass disli coated with poly-L-

Ivsine

The obtained results suggest the ectodermal layer plays a

role in the invagination process in S. mirabilis embryos. If

Figure 7. Scanning electron micrographs of the secondary mesenchyme cells at the archenteron tip.

Hemicciitronix puUlii'rriiiui\ (A): Scaphechiints mirahili.i (B). Insets in A and B show whole view of the

mid-gastrula. Secondary mesenchyme cells in H. fiulchcrriimt* are globular in shape and form long thin

filopodia. Several secondary mesenchyme cells (SMCs) are located between the archenteron tip and the inner

surface of the future oral opening region. In contrast. SMCs are flattened and form ruffled membranes in S.

minihili* gastrulae. No SMCswere observed between the archenteron tip and the future oral opening region. The

scale bar indicates 10 /.<m.
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Figure 8. Scanning electron micrographs of the cells in the arch-

enteron after the completion of invagination: Hemicentrotux pulcherrimus

(A-C); Scaphechinus mirabilis (D-F). Top (A. D). middle (B. E). and

bottom (C, F) levels of the archenteron are shown. The cells in the

archenteron of H. pulcherrimus are cuboid, while those in S. mirabilis are

elongated along the apico-basal direction. Note that the wall of the arch-

enteron is thicker in S. mirahilis than in H. pulcherrimus. The scale bar

indicates 10 jim.

this is the case, immobilization of the ectodermal layer

should affect the invagination process. To test this possibil-

ity, the change in the length of the archenteron was moni-

tored in gastrulating embryos attached to a glass dish coated

with poly-L-lysine.

H. pulcherrimus gastrulae attached to the poly-L-lysine

coated glass dish (Fig. 1 1 A). If the embryos had been under-

going primary invagination when attached, the invagination

was slowed and tip of the archenteron could not reach the

apical plate. However, the embryos gastrulated almost nor-

mally if they had been attached after primary invagination. In

these cases, the rate of archenteron elongation was not different

from that in control embryos (Fig. 1 IB).

In contrast, the invagination process was greatly affected

in 5. mirtibilis embryos. If the embryos were not pressed

usuinst the bottom of the 2lass dish usina a class needle.

they did not firmly attach to the glass dish. Embryo II shown

in Figure 12 loosely attached to the glass dish, so that its

position changed during observation. In this embryo, invag-

ination occurred almost normally. On the other hand, em-

bryos I, III. and IV were rather firmly attached to the glass

dish. In these embryos, invagination of the gut rudiment was

considerably delayed. Nonetheless, embryos III and IV re-

started invagination when they detached from the glass dish

(Fig. 12F and H. respectively). Embryos that were firmly

attached to the glass dish could not gastrulate at all, irre-

spective of the degree of invagination at attachment (Fig.

13A and B). In addition, the contour of the embryos was

distorted during prolonged observation.

Discussion

Involution of the vegetal cells continues during

gastrulation

Endodermal tissue in sea urchin embryos had been

thought to be exclusively derived from the veg :
tier of

blastomeres formed at the 60-cell stage (Horstadius, 1973;

Cameron et til.. 1987. 1991; Ruffins and Ettensohn. 1996).

More recently, it has been shown that the descendants of the

veg, tier of blastomeres also participate in the formation of

the digestive tract (McClay and Logan. 1996; Logan and

McClay. 1997). The recruitment of the veg,-derived cells

seems to occur only after the tip of the archenteron reaches

the apical plate (Martins et ai, 1998; Piston et ai. 1998;

Ransick and Davidson, 1998). The mechanisms of such late

ingression of endodermal cells are, however, unknown.

Here we focus on the invagination processes that occur

before and around the time that the archenteron tip reaches

the inner surface of the apical plate.

In embryos of an irregular echinoid, 5. mirabilis, some

unique aspects of gastrulation were elucidated from the

measurement of the size of the gastrulating embryos. As is

well known, the embryos of regular echinoids expand con-

siderably during gastrulation (Fig. 1A-F). This expansion

was caused by thinning of the ectoderm (Fig. 2C). In con-

trast, the thinning of the blastocoel wall was not so conspic-

uous in S. mirabilis (Fig. 2F). Although the width of the

embryos became somewhat larger, their height became

smaller as invagination progressed (Fig. 1G-L). This im-

plies a physical continuity between endodermal and ecto-

dermal epithelia during invagination. In fact, convolution of

the vegetal cells continued until the archenteron tip reached

the apical plate (Figs. 3, 4), whereas such convolution

terminates at the end of primary invagination in regular

echinoids (Burke et ai, 1991 ).

In H. pulcherrimus embryos, invagination was par-

tially inhibited if the embryos just undergoing primary

invagination were attached to a glass dish coated with

poly-L-lysine (Fig. 1 1 , embryos III and IV). However, the

archenteron elongated almost normally if the embryos
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Figure 9. Change in the comour of cells during later stages of invagination as seen in immunostained

histological sections. (A-F) Hemicentrotus pulcherrimus embryos at 19, 20. 22. 24, 26, and 28 h. respectively.

(G-L) Scaphechinus mirabilis embryos at 17. 18, I
1

), 20. 21. and 22 h, respectively. The ectodermal cells in H.

/ink hi'rriiniis embryos were initially elongated along the apico-basal direction (A), and became cuboid with the

progress of gastrulation. The archenteron cells were stretched along the axis of the archenteron (B-D or E), and

resumed a cuboid shape (F). In contrast, both the ectodermal and endodermal cells in 5. mirabilis embryos

remained elongated along the apico-basal direction during the later stages of invagination (G-L).
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Figure 10. Change in the shape of the archenteron cells during later

stages of gastrulation: Heinicciiiiniii\ />iilflifrriiiiii.\ (A): Scaphechinus

mimhilis (B). Shape was expressed as two ratios: )7.V (length along the

archenteron axis to length perpendicular to the axis) and L/W (cell length

to width I. In H. pulcherrimus embryos, both ratios increased as secondary

invagination progressed, up to at least 22 h. Then the ratios decreased to

about 1.0. In S. mirabilis embryos, the ratios did not change significantly.

though the degree of invagination increased. The Y/X ratio remained about

1.0, which indicates that the archenteron cells are not stretched along the

axis of the archenteron.

had finished primary invagination when attached (Fig.

11. embryos I and II). This suggests that the vegetal

ectodermal layer moves toward the blastopore during

primary invagination, and that the layer loses physical

continuity from the gut rudiment after the completion of

primary invagination. On the other hand, elongation of

the archenteron was completely blocked in S. mirubilis if

the embryos were attached to a coated glass dish, irre-

spective of the degree of invagination (Fig. 13). This

inhibitory effect of poly-L-lysine cannot be ascribed

solely to the chemical toxicity of the drug, because the

embryos restarted gastrulation soon after they detached

from the glass dish (Fig. 12). We suppose that the ecto-

dermal epithelium and the invaginated archenteron are

physically continuous during the invagination processes

and that the blockage of invagination is mainly due to

physical constraint of the ectodermal layer attached to the

glass dish.

The precise mechanism by which elongation of the gut

rudiment is blocked in S. niirnhilis embryos is unknown.

The ectodermal layer seems to be more rigid in S. mimhilis

embryos than in those of H. ptilclierrinn/s. because the

former is thicker (Fig. 2F). In addition. S. ininibilis embryos

retained normal configuration after they were fixed with

10% formaline, while the ectodermal layer of H. pulcher-

riinus embryos was severely distorted when the fixative was

applied. The ectodermal cells in S. mirabilis embryos are

probably tightly connected with each other, forming a rigid

structure over the entire vegetal ectoderm. Even if embryos

are attached to the glass dish on one side of the body, such

a rigid structure may be destroyed totally, resulting in a

blockage of archenteron elongation.
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Figure 11. Adhesion of Hemicentrotus pulcherrimus embryos to the

glass dish coated with poly-L-lysine. The numeral at the top right corner in

each photograph in A indicates the time after the attachment to the glass

dish. Roman numerals (I-IV) in A and B indicate the same embryos. The

embryos gastrulated almost normally if they had been attached after the

primary invagination (embryo I and II). If the embryos had been just in the

primary invagination when attached, the rate of elongation of the arch-

enteron was slowed and the archenteron could not reach the apical plate

(embryo III and IV). The scale bar indicates 100 /j.m.

The initial phase of gastrulation

In both species of embryos, bottle cells (Nakajima and

Burke, 1996) were observed in the vegetal plate (Fig. 5D, G,

arrows). The appearance of bottle cells in the vegetal plate

may lead to the first step of invagination. if the archenteron

cells retain the monolayer arrangement (Gustafson and

Wolpert, 1963, 1967). Unlike the archenteron cells in H.

puk-lieirimux embryos (Fig. 5C. D), those in S. mirabilis

embryos were variable in shape and were not organized into

a complete monolayer sheet (Fig. 5G, H). As a result, the

force produced by bottle cells does not necessarily cause the

bending of the vegetal plate. Other forces seem to be nec-

essary to produce the invagination of the vegetal plate cells

in S. iniruhilis embryos.

In this study, several types of cells were observed on SEM

images. The role of each type of cell is unknown. If cells are

pulled apically or basally, they should become skewed, be-

cause cells are connected with extracellular matrix ( Wessel and

McClay, 1987; Burke et /.. 1991: Berg et ai. 1996). If a

monolayer cell sheet is bent, wedge-shaped cells should appear

at the bending point. Thus, the shapes of cells are signs of the

existence of the forces generated by surrounding tissues or by

the cells themselves. In both species of embryos, the ratio of

columnar cells in the animal hemisphere increased as invagi-

nation progressed (Fig. 6A, C). On the other hand, most cells

in the vegetal hemisphere were distorted (Fig. 6B, D). Espe-

cially in 5. mimhilix embryos, columnar cells were barely

observed through the stages examined. These results imply that

i\

Figure 12. Adhesion of the Sctiphechiiius mirabilis embryos to the

glass dish coated with poly-L-lysine. Embryo II was loosely attached to the

glass dish, because its position changed during observation. In this embryo,

invagination occurred almost normally. On the other hand, embryos I. 111.

and IV were rather firmly attached to the glass dish and invagination of the

2ut rudiment were considerably delayed. Nonetheless, embryos III and IV

reinitiated invagination when they detached from the glass dish. The scale

bar indicates 100 /nm.
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Figure 13. Adhesion of the Scaphechinus mimhilis embryos to the

glass dish coated with poly-L-lysine. The numeral at the top right corner in

each photograph in A indicates the time after the attachment to the glass

dish. Roman numerals (I-IV) in A and B indicate the same embryos. 5.

ininthilis embryos could not gastrulate at all. irrespective of the degree of

invagination. The scale bar indicates 101) uin.

some forces continue to operate in the vegetal hemisphere of 5.

mimhilis embryos.

Elongation of the archenteron

It is well-established that SMCspull up the gut rudiment

during secondary invagination in some sea urchins (Dan and

Okazaki. 1956; Gustafson and Kinnander. 1956; Hard in.

1988; Hardin and McClay, 1990). In H. /nilchcrrimus em-

bryos, a chain of SMCswas observed to connect the arch-

enteron tip and the apical plate (Fig. 7A). The height of the

embryos became shortened after the onset of secondary

invagination (Fig. 2A). This shortening could be caused by

contraction of the SMCs' pseudopodia. which connect the

archenteron tip and the apical plate across the blastocoel.

The contraction of pseudopodia should stretch the arch-

enteron. In fact, the archenteron cells in H. piilclierrimus

embryos were stretched along the axis of the archenteron

during secondary invagination (Fig. 9B-D, Fig. 10A). On
the other hand, the SMCs of 5. mirabilis embryos did not

connect the archenteron tip and the site of the future oral

opening (Fig. 7B). Although it is possible that the connect-

ing filopodia were broken by fixation, the archenteron cells

in S. mirabilis embryos were not stretched throughout the

invagination processes (Fig. 9G-L, Fig. 10B). Thus, unlike

the SMCs in regular echinoids, those in S. mirabilis em-

bryos may not pull up the archenteron.

Rearrangement of archenteron cells is another cellular

basis of the extension of the gut rudiment during secondary

invagination (Ettensohn, 1985; Hardin and Cheng. 1986;

Hardin. 1989). The archenteron cells of H. piilcherrimiis

embryos were cuboid, with rounded basal surfaces (Fig.

8A-C). In contrast, the archenteron cells in S. mirabilis

embryos were elongated a configuration that should be

brought about by close contact between cells. In fact, the

archenteron cells of S. mirabilis embryos looked closely

compacted (Fig. 7B). It is unlikely that these cells change

their position freely in the archenteron. Moreover, the num-

bers of cells observed in the cross fractures of the arch-

enteron were almost the same at any level along the axis of

the archenteron (Fig. 8D-F). Thus, rearrangement of the

archenteron cells is not a major cellular basis of archenteron

elongation in S. mirabilis.

Motive force for the elongation of the archenteron

During the early stages of invagination. prospective

endodermal cells are elongated and concentrated in the

vegetal plate in both species of embryos. This configuration

of cells may be brought about by an increase in cell adhe-

siveness or by lateral pressure generated by the surrounding

tissues. In S. mirabilis embryos, cells near the blastopore

were elongated throughout the invagination processes (Fig.

9G-L). On the other hand, vegetal cells regained cuboid

shape after the completion of primary invagination in H.

piilcherrimiis (Fig. 9A-F). The archenteron cells in S. mira-

bilis embryos were also elongated along the apico-basal

direction (Fig. 8, 9). These cell shapes suggest the existence

of the lateral pressure in the thickened vegetal plate and the

archenteron.

Wedge-shaped cells observed in the thickened vegetal

ectoderm are one possible source of such pressure. Appear-
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ance of the wedge-shaped cell in a monolayer cell sheet

should produce a bending force, although such a shape of

cells is merely a result of a bending of the cell sheet. In both

species of embryos, wedge-shaped cells appeared in the

thickened vegetal plate prior to invagination (Fig. 5A. E). It

should be noted that a mass of wedge-shaped cells is found

at the subequatorial region (corresponds to the boundary

between the descendants of an 2 and veg,) in 5. mirabilis

embryos, but is located just at the bending point (boundary

between veg, and veg 2 ) around the vegetal plate in H.

/nilchi-irimus. Wedge-shaped cells should be formed by

constriction of the basally distributed microfilaments. Mi-

crofilaments play a key role in generating the motive force

for invagination (Lane et ai, 1993; Nakajima and Burke,

1996), whereas the elongation of the archenteron is inde-

pendent of microtubules (Hardin, 1987). The precise distri-

bution of microfilaments, especially in wedge-shaped cells,

remains to be examined in S. mirabilis embryos.
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